A facile surfactant free wet-precipitation process was employed to prepare hydroxyapatite (HAp) nanoparticles. Further, a microwave-assisted hydrothermal process was used to synthesize gold-loaded 
Introduction
Photocatalytic degradation is an emerging technology, enticing renewed attention for mineralizing organic compounds. The process can be dened as the acceleration of a photoreaction by the presence of a catalyst. 1, 2 Photocatalysis is best applied when the more common wastewater treatment technologies such as occulation, sedimentation, biological degradation, adsorption, ltration, centrifugation, reverse osmosis are inadequately effective. 3 However, for practical applications, the photocatalyst should be resistant to photocatalytic oxidative degradation and non-toxic. Three components which must be present to take place a heterogeneous photocatalytic reaction are: (i) an emitted photon of appropriate wavelength, (ii) a catalytic material (usually a solid catalyst), and (iii) a strong oxidizing agent which in most cases, is oxygen.
The last few years have witnessed a swi growth of photocatalytic research on a variety of oxide semiconductors such as titanium dioxide, 4 zinc oxide, 5 and zirconium oxide. 6 Efforts have been made to incorporate plasmonic nanoparticles over metal oxide surfaces to fabricate Au/TiO 2 enhance their photocatalytic activities, exploiting the strong surface plasmon absorption of metal nanoparticles. Catalytic activity and stability of supported gold depends strongly on the choice of the support material and the specic interaction between the metal and the support. Recently, hydroxyapatite (HAp, Ca 10 (PO 4 ) 6 (OH) 2 ) has attracted interest for use in a variety of applications such as bioceramics, 14 drug delivery vector, 14 insulator, 15 chromatography, 16 and also as catalyst. 12 The use of HAp as a support for nano-gold has been reported to perform excellent CO oxidation activity and enhancement of stability of gold nanoparticles against sintering at temperatures as high as 600 C. 17 Nano-and micro-structured HAp have also been applied as catalyst for several dehydration and dehydrogenation reactions, 18 synthesis of chalcone derivatives, 19 gas-phase oxidation reactions [20] [21] [22] and as photocatalyst for gas-phase photocatalytic processes.
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However, only a few studies have evaluated HAp as aqueous phase photocatalyst 25, 26 in a very limited range of reaction conditions. Due to its high band gap energy, exploitation of HAp for this purpose has been limited only to UV irradiation. Tsukada et al. 27 have evaluated the effect of Ti substitution in HAp on its band gap, both experimentally and theoretically. The experimentally obtained optical band gap energies (E g ) of TiHAp, HAp and TiO 2 powders measured by diffuse reectance spectroscopy (DRS) were 3.65 eV, >6.0 eV, and 3.27 eV, respectively. Very recently, Bystrov et al. 28 have calculated the band gap energy of HAp and its variation on the introduction of oxygen vacancies, using density functional theory (DFT). Both the theoretical and experimental values of band gap energy were close to 5 synthesized HAp supported N-doped carbon quantum dots (NCQDs) for visible-light photocatalytic application. The formed HAp/N-CQDs composite exhibited a signicant performance in the photocatalytic degradation of MB under visible-light.
In the present study, we fabricated gold nanoparticle decorated HAp nanoparticles through wet-precipitation, followed by microwave reduction. Apart from structural and morphological characterizations, fabricated nanocomposites have been tested for the photocatalytic degradation of cationic dye MB under visible light irradiation. MB has been chosen as a model organic dye 5, 37 in our study as it is one of the principal contaminant in wastewater emanating from textile, wood, leather and food industries. We demonstrate that gold nanoparticle decorated HAp nanostructures, which are non-toxic and bio-degradable, have a great potential for utilizing as visible-light photocatalyst for organic dye degradation. 
Materials and methods

Material preparation
Aer 1 h of reaction, followed by 24 h of ageing, the formed precipitate was removed from the reaction solution by centrifugation at 5000 rpm for 6 minutes and dried at 80 C for 1 h.
The dry powder was calcinated at 600 C for 1 h in air.
Synthesis of Au loaded
HAp. 200 mg of pre-calcinated (600 C, 1 h) HAp powder was placed into a Teon-made autoclave of 40 ml capacity. A mixture of 15 ml of ethanol and 15 ml of DI water was poured into the autoclave. Then a specic volume (0.056 ml, 0.1125 ml, 0.225 ml, and 0.45 ml) of gold(III) chloride solution (2 mg ml À1 ) was added to the mixture under magnetic stirring. The autoclave was then capped tightly and sonicated for 10 minutes in a commercial ultrasonicator (37 kHz, 360 W). Finally, the autoclave was placed inside a commercial microwave oven (LG-MS0743U, 2450 MHz, and 1000 W) and irradiated for 10 minutes under 20% of its full power. The microwave irradiation was performed in steps (2 minutes on and 15 minutes off) to keep the temperature of the reaction mixture around 130 C (AE4 C). On nishing the microwave treatment steps, the sample was cooled down to room temperature and separated by centrifugation. For preparing the nanocomposites with different gold loadings, the same procedure was followed, varying only the volume of gold chloride solution.
Characterization of Au loaded HAp
The structure and crystalline phase of the synthesized samples were studied by powder X-ray diffraction (XRD) analysis (30 keV, 25 mA) using CuKa radiation (l ¼ 1.5405 A) of a Bruker 8D diffractometer. To determine the functional groups present in the samples, Fourier transformed infrared spectroscopy (FTIR) was carried out in the 4000-400 cm À1 range using a Perkin
Elmer Spotlight 400 FTIR spectrometer. The morphology and chemical composition of the samples were analyzed in a eld-emission scanning electron microscope (FE-SEM, JEOL SUPRA 40) coupled with Oxford analytical system. A JEOL 2100 high resolution transmission electron microscope (TEM) was used to detect the incorporation of gold nanoparticles in the composites and analyze their ne structure. An Agilent-Varian Carry 5000 spectrophotometer with diffused reectance accessories was utilized to record the reectance spectra of the nanocomposites. To determine the specic surface area of the nanocomposites, their N 2 adsorption-desorption isotherms were recorded at 77 K in a Belsorp Mini-II (Belsorp, Japan) sorptometer. All the composite samples were degassed at 300 C under vacuum for 5 h before recording their adsorptiondesorption isotherms.
Photocatalytic study of Au loaded HAp
The photocatalytic activity of HAp and gold-loaded HAp samples was studied in a cylindrical glass reactor of 250 ml capacity (50 mm internal diameter and 120 mm height) with water recirculating jacket ( Fig. 1) . Typically, 40 mg of the sample was added into 80 ml of dye solution (5 ppm) under magnetic stirring and air ow in dark (inside a black box). The mixture was le in dark for 75 min under stirring and air bubbling at 20 C to reach the adsorption-desorption equilibrium at the surface of the catalyst. The extent of dye adsorption was determined from the decrease of MB concentration in the solution by monitoring the intensity of its principal absorption band (664 nm) in a Shimadzu UV-VIS-NIR 3100PC spectrophotometer. At different intervals of time, about 4 ml of aliquot was withdrawn from of the mixture and ltered by a reusable syringe (z268410) tted with a nitrocellulose membrane lter of 0.22 mm pore size, to measure the dye concentration in the ltered sample its optical absorption spectrum. Once the dye adsorption-desorption equilibrium is reached, the mixture was illuminated by a 10 W xenon lamp, emitting white light. The concentration of MB in the mixture was monitored through the same way as in the case of dye adsorption under dark. The temperature of the reaction mixture was maintained at 20 C throughout the experiment. samples. While the diffraction peaks associated to Au appeared around 38.26 and 44.6 correspond to the (111) and (200) crystalline planes of Au, the most intense diffraction peak of HAp appeared around 31.77 corresponds to its (211) planes.
Results and discussion
UV-Vis diffuse reectance spectroscopy (UV-Vis DRS)
UV-Vis diffuse reectance spectra of the gold-loaded HAp samples in absorption mode are presented in Fig. 3 . The absorption peak appeared in between 528-530 nm for the gold supported HAp samples is attributed to the surface plasmon resonance absorption of Au nanoparticles, which originates from the intraband excitation of 6sp electrons of Au.
38,39
The gradual increase of SPR absorption band intensity along with a shi towards longer wavelengths indicates the formation of higher number of Au nanoparticles and an increase of their size with the increase of Au content in the composites. 
N 2 adsorption-desorption study
The Brunauer-Emmett-Teller (BET) theory aims to explain the physical adsorption of gas molecules on a solid surface and serves as the basis for an important analysis technique for the measurement of the specic surface area of a material. The average particles pore size is also determined by this adsorption study following BET equation (eqn (2)):
where, P -equilibrium pressure, P 0 -saturate vapour pressure of the adsorbed gas at the temperature, P/P 0 is called relative pressure, V -volume of adsorbed gas per kg adsorbent, V m -volume of monolayer adsorbed gas per kg adsorbent. c -constant associated with adsorption heat and condensation heat. The N 2 adsorption-desorption isotherms of the synthesized HAp and Au-loaded HAp samples are presented in Fig. 4 . As can be seen, the isotherms of all the samples follow type IV adsorption-desorption characteristics of the IUPAC classica-tion. 40 The revealed hysteresis cycles are associated to the capillary condensation of N 2 in mesopores. The sharper increase of N 2 adsorption at lower relative pressure is attributed to a mono-and multilayer adsorptions at mesoporous surface. The average surface area, average pore size and pore volume in the samples were estimated form their BET analysis and enlisted in Table 1 .
As it can be noticed from Table 1 , the specic surface area of the nanocomposite increases gradually with the increase of gold loading. On the other hand, the average pore size in the nanocomposites increases initially, and then decreases gradually with the increase of gold loading. While the gradual increase of specic surface area of the nanocomposite with the increase of gold loading indicates the formation of higher number of Au nanoparticles at the surface of HAp nanoparticles, which has also been revealed in their DRS spectra, the initial increase of average pore size might be due to the adherence of small Au nanoparticles at their surface. On the other hand, a gradual decrease of average pore size with higher Au loading might be due to the formation of Au nanoparticles at the inter-particle spaces of the nanocomposite.
SEM and EDS study
SEM study revealed the formation of nearly spherical nanoparticles in the HAp sample (Fig. 5a ) prepared by wetprecipitation technique. The size of the formed HAp nanoparticles varied in-between 18 and 29 nm, with average diameter 23.06 AE 2.32 nm. The synthesized gold loaded HAp (0.055 wt% Au-HAp) nanoparticles were also studied by scanning electron microscopy (Fig. 5b) . Formation of gold nanoparticles at the surface of HAp particles could be conrmed by the presence of bright spots (Fig. 5b , marked by yellow arrows) in their SEM images. EDS analysis of the 600 C calcinated HAp nanoparticles revealed the presence of Ca, P, and O in them, with Ca/P atomic ratio of 1.67. A very low intensity emission peak of gold could be detected in the EDS spectra of Au-loaded HAp samples, conrming the presence of gold. With increased gold loading, the atomic% of Au in the nanocomposites increased.
TEM study
For a more detailed morphological and microstructural analysis, the HAp and Au-loaded HAp samples were analyzed by transmission electron microscopy (TEM). Typical TEM image of pure HAp, TEM and HRTEM images of 0.055 wt% Au-HAp samples are presented in Fig. 6 . In contrary to the SEM images, the TEM images of the HAp sample revealed elongated morphology of the formed nanoparticles; although in general, the particles are near spherical. Formation of tiny Au nanoparticles at the surface of HAp particles could be detected even in their low magnication TEM images (Fig. 6b) . The high resolution TEM (HRTEM) image of the 0.055 wt% Au-HAp sample presented in Fig. 6c clearly demonstrates the formation of gold nanoparticles of 2-6 nm size at the surface of HAp nanoparticles and at inter-particle spaces, apart form their highly crystalline structures. Interplaner distances measured from the atomic planes revealed in the HRTEM image of AuHAp nanocomposite revealed the formation of predominant (111) planes of Au in bcc phase (lattice spacing of 0.235 nm) and (202) planes of HAp (lattice spacing of 0.263 nm). The observations made from the HRTEM image of Au-HAp sample, i.e. the formation of tiny Au nanoparticles at the surface of HAp nanoparticles and at interparticle sites, explain the variation of specic surface area and average pore size of the nanocomposites estimated from their adsorption-desorption isotherms (Table 1 ).
Photocatalytic degradation of MB by Au-HAp
As the adsorption of MB takes place over HAp surface even without UV/Vis irradiation due to its high dye adsorption capacity, both the HAp and Au-loaded HAp catalysts were equilibrated in MB solution under dark for about 75 min. Based on the action spectra (time dependent UV-Vis absorption spectra) of the samples (Fig. 7) , possible byproducts of MB degradation were analyzed. As can be seen in Fig. 7 , the absorption spectra of MB reveal most intense absorption peak at around 664 nm, with a shoulder at about 612 nm. While the the 664 nm band has been associated to MB monomer, the conjugation system between the two dimethylamine substituted aromatic rings through sulfur and nitrogen atoms. 42 Additional two bands appeared in the ultraviolet region with peaks around 292 and 245 nm have been associated to substituted benzene rings. 42 During photocatalytic degradation, the intensity of all these four absorption bands diminishes gradually, without revealing any new band in the absorption spectra of MB (Fig. 7) , which indicates the photocatalytic degradation process does not produce any stable intermediate byproduct.
At the time of dissolution of MB molecule in water, the Cl À ion separates from its core structure. The terminal N-CH 3 groups which are connected to the core structure at 7C and 12C positions of MB molecular structure, have lowest bond dissociation energy (CH 3 -N(CH 3 )C 6 H 5 , binding energy ¼ 70.8 kcal mol À1 ). 43 During photocatalytic degradation, the generated active radical species such as OHc and HO 2 c rst break the N-CH 3 bond, and then -CH 3 is oxidized to HCHO or HCOOH. The free radicals (OHc and HO 2 c) then break the C-S and C-N bonds of thionine molecule (Fig. 8) to produce relatively unstable smaller organic byproducts. These oxidization reactions continue until the MB degrades completely to produce smaller inorganic molecules, such as H 2 O, Cl À , CO 2 , SO 4 2À and NO 3 .
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The possible reaction steps involved are schematically presented in Fig. 8 . In Fig. 9 , the decolorization curves for HAp and Au-loaded HAp samples are presented as C/C 0 versus time, where C 0 is the initial concentration and C is the concentration of MB at a particular time. As can be seen, both the HAp and Au-loaded HAp strongly adsorb MB under dark. The adsorption-desorption equilibrium reaches in about 75 min. Under prolonged visible light irradiation, the synthesized calcinated HAp degrades about 13% of MB from its aqueous solution in 9 h. The degradation ability of HAp could be enhanced by incorporating Au nanoparticles (Au-loading). The rate of decolorization was calculated as a function of the change in the absorption intensity at l max (664 nm) of the dye. The decolorization efficiency h (%) was calculated as (eqn (3)):
where, C 0 is the initial concentration of the dye and C is the concentration aer photo irradiation. 44 The calculated values of photocatalytic efficiency for the HAp and Au-loaded HAp samples are presented in Table 2 . As can be seen from Table 2 , the total MB removal (adsorption + photocatalytic degradation) efficiency of unmodied HAp nanoparticles (calcinated at 600 C) is about 25%. It must be noted that previous studies on The photocatalytic efficiency of HAp nanoparticles increased signicantly aer Au-loading. As can be seen from Table 2 , the total MB removal efficiency of the HAp nanoparticles increased to 32.47% on 0.055 wt% Au loading. However, on increasing the Au loading further, the MB removal efficiency of the Au-loaded HAp decreased gradually. The decrease of MB removal efficiency of the nanocomposites on higher Au loading might be due to the presence of Au nanoparticles in excess at their surface, which probably act as hole-trappers or recombination centers for photo generated electrons.
The Langmuir-Hinshelwood (L-H) model is the most commonly used kinetic expression to explain the kinetics of heterogeneous catalytic reactions. 45 In this model, the reaction rate r can be expressed as (eqn (4)):
where, K 1 is the apparent rate constant, K 2 is the adsorption constant, and C is the reactant concentration.
In this study, we used a rst order kinetic model as the simplication of the L-H kinetic model, due to dilute concentration of MB in the reaction solution. A semi log data does not construct a single straight line and does not t rst order reaction model for the entire period of the reaction. A consequent sequence of rst order reactions is oen found to be appropriate for complex oxidation reactions as the degradation can be broken down in to a number of different dominant reaction steps, such as primary degradation of the reactant, followed by several secondary degradation steps corresponding to the nal oxidation to stable product or classes of reaction intermediates.
7 This kinetic modelling strategy is well accepted for both non-catalytic and heterogeneously catalyzed wet oxidation reactions, 46 which also degrades compounds via a free radical oxidation mechanism.
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The L-H kinetic model can be simplied to a pseudo-rst order kinetic equation 48 for diluted solutions as (eqn (5) and (6)):
where C is the concentration of MB at time t, C 0 is the equilibrium concentration aer adsorption and K app is the apparent rate constant, which can be obtained from the decrease of the peak intensity at 664 nm with time. The ratio of absorbance A t of MB at time t to A 0 measured at t ¼ 0 must be equal to the concentration ratio C/C 0 of MB. From the plot of ln(C/C 0 ) vs. irradiation time (Fig. 10) we could obtain a good linear correlation of the data points, obtaining two linear regressions associated to the pseudo rst order rate constant, K app (k 1 and k 2 ). In general, the rst-order kinetics is appropriate for mg L
À1
or few mg L À1 concentration ranges.
The kinetic analysis of data for the 600 C calcinated HAp and Au-HAp photocatalysts is shown in Fig. 10 . The degradation of MB and its derivatives (azo dye reaction intermediates) are well modelled by a two-step rst order reaction. Such a twostep reaction process indicates that MB degrades rst to form azo dye intermediates (which degrade further to smaller, highly oxidizable intermediates, which could be detected by UV-Vis absorption spectroscopy). These processes occur very fast, revealing only one linear t (the rst one) in the semi log plot of the kinetics presented in Fig. 10 . Next, these azo dye intermediates probably degrade to form recalcitrant products such as Azure A, Azure B, Azure C and thionine 26 resulting the second linear t in the degradation kinetics.
The estimated rst order reaction rate constants for the two rst order kinetic regions are presented in Table 3 . Variations of the rate constant (k 1 and k 2 ) values with increasing Au content in the nanocomposites indicate that 0.055 wt% Au loading is the optimum for visible light photodegradation of MB.
Fourier transformed infrared (FTIR) spectroscopy
FTIR spectra of the 600 C calcinated HAp and 0.055 wt% Au loaded HAp were recorded before and aer the photocatalytic reaction to observe the possible changes in the catalysts aer gold incorporation and due to the photocatalytic reactions (Fig. 11) . The unmodied HAp before photocatalytic study revealed absorption peaks associated to PO 4 3À group around 1089, 1027, 964, 597 and 560 cm À1 . The spectrum also revealed a broad band centered in between 1000 and 1100 cm À1 associated to the P-O bond of phosphate group. 
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In general, the Au-loaded HAp revealed all the FTIR signals appeared for the unmodied HAp before and aer their photocatalytic use. However, aer photocatalytic use, the Au-HAp revealed a higher signal associated to C-O bond, which generally appear in all FTIR spectra due to ambiental CO 2 . Appearance of C-O stretching band in higher intensity for the used AuHAp also indicates the oxidation of MB and generation of its byproducts during photocatalytic degradation.
Mechanism of MB degradation
Molecular oxygen acts as oxidant in photocatalytic reactions. A complete oxidation (degradation) of organic compound involves electron transfer from the organic molecules to oxygen. In the photocatalytic reactions of Au-supported HAp nanoparticles, the former (Au nanoparticles) seems to act as initializer and mediator of electron transfer for the oxidation reactions. The strong absorption band appeared around 530 nm in UV-Vis spectra of the Au-HAp nanocomposites (Fig. 3) is the SPR band of the formed Au nanoparticles, originating from the intraband excitation of 6sp electrons 39 (Fig. 12) . Although all the metallic nanoparticles posse an inherent positive surface charge, the illumination of visible light results in positive charges in gold's 6sp band, which can capture electrons from organic dye molecules to oxidize them. Oxygen molecules on the Au nanoparticles or at HAp (support) -Au nanoparticle interface seize the energetic electrons of the excited energy levels of gold's 6sp band, forming O 2 c species (eqn (7)). The formed O 2 c specie then react with H + ions generated from water splitting to produce active species like HO 2 c, OHc (eqn (8)) and other reactive oxygen species such as H 2 O 2 (eqn (9) and (10)) 39, 41 which degrade the MB dye rst to azo dye intermediates and then to smaller, highly oxidizable intermediates, and nally to the probable recalcitrant products (eqn (11)). On the other hand, it has been suggested that the HAp supported Au nanoparticles can attract electrons from the organic molecules on the nanoparticles which also helps to catalyze the organic pollutants. 52 The possible mechanism of MB degradation by Au supported HAp considered in this study has been illustrated in Fig. 12 . we could not observe any signicant enhancement of its photocatalytic activity (Table 2 ). Rather its photocatalytic activity was a bit lower than the HAp sample calcinated at 600 C, probably due to the reduction of specic surface area on high temperature calcination. However, a notable enhancement of visible light photocatalytic activity of this HAp sample could be observed aer Au loading, which supports the degradation mechanism of organic dye we presented above. As can be observed from Table 2 , a 0.055 wt% Au loading in 1200 C calcinated HAp resulted a relatively lower percentage (25.0% in 9 h) of MB removal from water in comparison to the 600 C calcinated HAp (32.47% in 9 h) loaded with 0.055 wt% Au. Such a lower MB removal efficiency of the 1200 C calcinated Au-loaded HAp might be due to the generation of V OH in its lattice, which generates donor type defect levels in its band gap. 28 Those shallow energy levels below the conduction band of HAp probably act as electron trappers for Au-HAp under visible illumination.
Reusability performance of Au-HAp catalyst
To verify the reusability of our Au-loaded HAp photocatalysts, repeated photocatalytic tests were performed over the 0.055 wt% Au-HAp nanocomposite, which revealed best MB degradation performance. Aer each of the photocatalytic cycles, the catalyst was separated from the reaction mixture by decantation, washed with hot (90 C) DI water H 2 O 2 (5 vol%) mixture and dried at room temperature. The results presented in Fig. 13 demonstrate the photocatalytic performance of the nanocomposite does not change signicantly even aer 6 cycles of reuse.
Conclusions
In this study, gold nanoparticles were incorporated in different concentrations at the surface of HAp nanoparticles to fabricate plasmonic nanocomposites, useful for organic dye removal from wastewater. In general, the incorporation of Au nanoparticles at HAp surface increases its specic surface area. Average pore size of the nanocomposite increases up to a certain wt% of Au loading (0.0275%) due to the assembly of Au nanoparticles at their surfaces, and then decreases due to the incorporation of tiny Au nanoparticles at inter-particle spaces. Fabricated nanocomposites show a signicant increase of MB removal efficiency under visible light illumination (up to 32.47% in 9 h) when the Au nanoparticles are loaded over 600 C air calcinated HAp nanoparticles. The enhanced MB removal activity of Au-loaded HAp nanocomposites is ascribed to the generation of energetic electrons form the 6sp orbital of Au through intraband excitation upon visible light illumination. The demonstrated visible light photocatalytic activity of Auloaded HAp nanoparticles at neutral pH (pH ¼ 7.2) and room temperature (20 C) in aqueous phase opens up the possibility of utilizing synthetic HAp, which is a nontoxic, biocompatible, eco-friendly ceramic for environmental applications.
